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The strong decays of the two resonances η(2225) and φ(2170) are discussed for selected decay channels.
The two resonances are considered as the ΛΛ¯ bound states in the molecular scenario. The phenomenological
hadronic molecular approach is employed for the calculation of respective decay modes using effective La-
grangians. Our results show that the decay modes η(2225) → K∗K and φ(2175) → KK dominate over the
partial decay widths of η(2275) → VV(φφ,ωω,K∗K∗) and φ(2175) → VS (ωσ,K∗K∗
0
(800), φ f0(980)) due to
phase space and couplings.
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I. INTRODUCTION
Recently, the BESIII Collaboration performed a partial wave analysis of the decay process J/ψ → γφφ, and confirmed the
existence of the η(2225) state, which has a mass of 2216+4+21−5−11 MeV and a width of 185
+12+43
−14−17 MeV [1]. The quantum numbers
of η(2225) were assigned to be IG(JPC) = 0+(0−+). There are only a few theoretical studies on η(2225) in the literature. In
Refs. [2, 3] the strong decays of η(2225) as a conventional ss¯ state together with its partners were investigated in the framework
of the quark-pair creation model, and the 41S 0 ss¯ assignment was favored for the η(2225) state. An alternative interpretation of
η(2225) as a bound state of ΛΛ¯(1S 0) has been proposed in the one-boson exchange model in Ref. [4]. Conversely, the φ(2170)
state with IG(JPC) = 0−(1−−), denoted previously as Y(2175), has been considered using different physical interpretations. The
mass and width of the φ(2170) state are 2180 ± 10 MeV and 83 ± 12 MeV, respectively [5]. We also quote a recent result of the
BESIII Collaboration [6] for the mass 2135± 8± 9 MeV and for the width 104± 24± 12 MeV. Taking into account information
about production and decays of the Y(4260) state [7], φ(2170) might be its strange partner. Possible interpretations include
a traditional ss¯ state [8–11], hybrid state [8, 12], tetraquark state [13–15], ΛΛ¯(3S 1) bound state [4, 16], and φKK¯ resonance
state [17, 18].
In the traditional quark model the total decay width of η(2225) can be described well by considering it as the 41S 0 state [2].
However, when assigning φ(2170) as the 33S 1 or 2
3D1 state, then it will result in a much larger decay width [8, 10, 19] than
observed. Moreover, the very small mass difference between these two states can hardly be explained within the quark potential
model, in which the mass of the 4S state should be much higher than that of the 3S state, even if the spin fine splitting is
taken into account [20]. The interpretation of φ(2170) as the 43S 1 state also causes the reversal of the fine structure [11].
Considering that the masses of η(2225) and φ(2170) are very close to the ΛΛ¯ threshold, it also seems natural that η(2225) and
φ(2170) are considered as the ΛΛ¯(1S 0) and ΛΛ¯(
3S 1) bound states, respectively [4]. Within the one-boson exchange model
the mass of the ΛΛ¯(1S 0) state is slightly higher than that of the ΛΛ¯(
3S 1) state, which is in good agreement with experimental
data [1, 5]. Besides the mass spectrum, it is natural to examine the strong decay behavior within the same framework. Note that
”deuteronlike” states near the respective baryon-antibaryon threshold were originally discussed in the context of the nucleon-
antinucleon system. There the notion of so-called quasinuclear NN¯ bound states, weak composites of NN¯, and their properties
was intensely pursued to explain resonance structures observed in NN¯ annihilation reactions. For one of our contributions to this
topic see, for example, Ref. [21].
In this paper, we present a study of selected strong decay modes of the η(2225) and φ(2170) states. We employ a hadronic
molecular scenario [22]-[24] by taking the two resonances as weakly bound states of ΛΛ¯ in a phenomenological Lagrangian
approach. It should be mentioned that the approach is based on the compositeness condition [25]-[29] — a powerful method
in quantum field theory for the study of composite bound states (hadrons, glueballs, hybrids, hadronic atoms and molecules,
multiquark states), which was extensively used in Refs. [26]-[29] and [22]-[24]. In particular, the compositeness condition
2gives an equation for the coupling constant of the bound state with its constituents where the mass of the bound state is the input
parameter. We suppose that our analyses of the η(2225) and φ(2170) strong decays are useful for running and future experiments.
This paper is organized as follows. In Sec. II we briefly show our formalism, the calculations for the couplings of η(2225)ΛΛ¯
and φ(2175)ΛΛ¯, and the matrix elements for the transitions of η(2225) → VV (vector-vector mesons), η(2225) → VP (vector-
pseudoscalar mesons), φ(2175) → VS (vector-scalar mesons), and φ(2175) → PP (pseudoscalar-pseudoscalar mesons) in the
hadronic molecular scenario. In Sec. III we present an application of our approach to the selected strong decays of η(2225) and
φ(2170) states. A short summary is given in Sec. IV.
II. APPROACH
In our numerical calculation, we use the following spin-parity quantum numbers for the η(2225) and φ(2170) states JPC = 0−+
and JPC = 1−−, respectively. Since the masses of the Λ baryon [I(JP) = 0(1/2+)] and the ΛΛ¯ system are 1115.683 ± 0.006
MeV and about 2232 MeV, respectively, the discussed η(2215) and φ(2175) resonances are about 16 MeV and 57 MeV below
the threshold of the ΛΛ¯ system. We consider the states η(2225) and φ(2170) as weakly bound states of Λ and Λ¯ in the hadronic
molecular scenario. For this purpose we employ our phenomenological Lagrangian approach to describe these resonances. The
interaction Lagrangians, describing the couplings of the η(2225) and φ(2170) ΛΛ¯ baryonium states with the constituents, read
Lη(x) = gη η(x)
∫
d4yΦ(y2) Λ¯(x + y/2)iγ5Λ(x − y/2) , (1)
Lφ(x) = gφ φµ(x)
∫
d4yΦ(y2) Λ¯(x + y/2)γµΛ(x − y/2) . (2)
Here Φ(y2) is a phenomenological correlation function describing the distribution of Λ and Λ¯ constituents in the η(2225) and
φ(2170) states. To produce ultraviolet-finite Feynman diagrams, the Fourier transform of the correlation function Φ(y2) should
vanish sufficiently fast in the ultraviolet region of the Euclidean space. We use the Gaussian form for the correlation function
Φ˜(p2E)  exp(−p2E/Λ2H) , H = η(2225), φ(2170) (3)
where pE is the Euclidean Jacobi momentum and ΛH is a free size parameter, which has a value of about 1 GeV.
The couplings of gη and gφ with theΛ and Λ¯ constituents are calculated from the compositeness condition (see Refs. [25]-[29]
and [22]-[24])
ZH = 1 − Σ′H(m2H) ≡ 0 , (4)
where Σ′
H
is the derivative of the mass operator in the case of η(2225) and of the transverse part of the mass operator ΣT
φ(2170)
in the case of the φ(2170) state, respectively. Note that the compositeness condition gives the relation between the coupling
constant gH of the bound state with their constituents and its mass mH .
The quantity Z
1/2
H
is the matrix element between a physical particle state and the corresponding bare state. The compositeness
condition ZH = 0 enables one to represent a bound state by introducing a hadronic field interacting with its constituents so that
the renormalization factor is equal to zero. This does not mean that we can solve the QCD bound state equations but we are
able to show that the condition ZH = 0 provides an effective and self–consistent way to describe the coupling of a hadron to its
constituents. In particular, the compositeness condition gives an equation for the coupling constant of the bound state with its
constituents where the mass of the bound state is the input parameter. One starts with an effective interaction Lagrangian written
down in terms of quark and hadron variables. Then, by using Feynman rules, the S –matrix elements describing hadron-hadron
interactions are given in terms of a set of quark level Feynman diagrams.
Decomposition of the φ(2170) mass operator in the transverse ΣT
φ(2170)
and longitudinal ΣL
φ(2170)
parts reads
Σ
µν
φ
(p) = g
µν
⊥ Σ
T
φ (p
2) +
pµpν
p2
ΣLφ(p
2), (5)
where g
µν
⊥ = g
µν − pµpν/p2. The corresponding Feynman diagrams describing the mass operators of the η(2225) and φ(2170)
states are shown in Fig. 1.
The expressions for the mass operators of η(2225) and φ(2170) are given by
Ση(p
2) = g2η
∫
d4k
(2π)4i
Φ˜2(−k2) Tr
[
γ5SΛ(k + p/2)γ
5SΛ(k − p/2)
]
, (6)
Σ
µν
φ (p) = g
2
φ
∫
d4k
(2π)4i
Φ˜2(−k2) Tr
[
γµSΛ(k + p/2)γ
νSΛ(k − p/2)
]
, (7)
3where SΛ(k) = 1/(mΛ− 6k) is the free Λ spin-1/2 baryon propagator with mΛ being the mass of the Λ hyperon.
The expressions for the coupling constants gH are given by
g2
H
4π2
=
1
IH
, (8)
where IH is the structure integral
IH =
1
2
∞∫
0
dαdβ
∆3
uH e
−wH , ∆ = 1 + α + β (9)
and
wH =
2m2
Λ
Λ2
H
(α + β) − m
2
H
2Λ2
H
α + β + 4αβ
1 + α + β
,
uη =
m2
Λ
Λ2
H
(α + β + 2αβ) +
1 + 4(α + β) + 12αβ
2∆
+
m2η
4Λ2
H
(1 + 2α)(1 + 2β)(α + β + 4αβ)
∆2
,
uφ =
m2
Λ
Λ2
H
(α + β + 2αβ) +
1 + 3(α + β) + 8αβ
2∆
+
m2φ
4Λ2
H
(1 + 2α)(1 + 2β)(α + β + 4αβ)
∆2
. (10)
The use of the central values of the η(2225) and φ(2170) masses mη(2225) = 2221 MeV and mφ() = 2188 MeV in Eqs. (8) gives
predictions for the gη(2225) and gφ(2170) couplings.
η(2225)
Λ¯
Λ
η(2225)
(a)
φ(2170)
Λ¯
Λ
φ(2170)
(b)
FIG. 1: Mass operators of η(2225) and φ(2170).
In this paper we calculate some selected strong two-body decays η(2225)→ VV and φ(2170)→ VS (PP), which are described
by the Feynman diagrams shown in Fig. 2. For the additional hadronic interaction vertices the empirical meson-baryon form
factors F (x − y) are employed. Those effective Lagrangians are
LK∗ΛN(x) = −gK∗ΛN K∗µ(x) Λ¯(x) γµ
∫
d4yFN(x − y)N(y) + H.c. , (11)
LωΛΛ(x) = −gωΛΛ ωµ(x) Λ¯(x) γµ
∫
d4yFΛ(x − y)Λ(y) + H.c. , (12)
LφΛΛ(x) = −gφΛΛ φµ(x) Λ¯(x) γµ
∫
d4yFΛ(x − y)Λ(y) + H.c. , (13)
La0(980)ΛΣ(x) = ga0(980)ΛΣ a0(x) Λ¯(x)
∫
d4yFΣ(x − y)Σ(y) + H.c. , (14)
LK∗
0
(800)ΛN(x) = gK∗
0
(800)ΛN K
∗
0(x) Λ¯(x)
∫
d4yFN(x − y)N(y) + H.c. , (15)
LσΛΛ(x) = gσΛΛ σ(x) Λ¯(x)
∫
d4yFΛ(x − y)Λ(y) + H.c. , (16)
L f0(980)ΛΛ(x) = g f0(980)ΛΛ f0(x) Λ¯(x)
∫
d4yFΛ(x − y)Λ(y) + H.c. , (17)
LKΛN(x) = gKΛN K(x) Λ¯(x) iγ5
∫
d4yFN(x − y)N(y) + H.c. . (18)
4In the case of vector meson-baryon couplings we restrict to the minimal coupling — leading-order contribution in the inverse
baryon mass expansion; i.e., we neglect the nonminimal couplings (or ignore the tensor coupling in the VBB interaction as in
[4]). We fix meson-nucleon couplings using SU(3) symmetry predictions and phenomenological constraints [4, 30],
gK∗ΛN = − 1√
3
(2αV + 1)gρNN ,
gωΛΛ =
2
3
(5αV − 2)gρNN ,
gK∗
0
ΛN = −
1√
3
(2αS + 1)ga0(980)NN ,
gσΛΛ =
2
3
(5αS − 2)ga0(980)NN ,
gKΛN = − 1√
3
(2αP + 1)gπNN , (19)
where αV = αS = 1 and αP = 0.4. The set of numerical values of the meson-baryon couplings is listed in Table 1 [4, 30]. Here
we employ the monopole-type form factor F˜B(q2) (in momentum space) of the form
FB(x) =
∫
d4xe−iqxF˜B(q2) , F˜B(q2) =
Λ2
B
− M2
B
Λ2
B
− q2 (20)
proposed in Ref. [31] and extensively used in literature [31]-[37] with MB being the exchange baryon mass and ΛB being
the cutoff parameter for the exchange momentum. According to the discussion in the literature [31]-[37], we choose ΛB =
MB +αΛQCD with ΛQCD = 220 MeV. These form factors are necessary to be consistent with the phenomenological Lagrangians
utilized before in [4].
η(2225)
Λ
Λ¯
B
V
V (P )
φ(2170)
Λ
Λ¯
B
V (P )
S(P )
FIG. 2: Feynman diagrams describing decays η(2225) → VV(VP) and φ(2170) → VS (PP).
Now it is straightforward to write down the matrix elements for the discussed two-body transition,
Mαβ
η(2225)→VV ǫ
∗
α(q1) ǫ
∗
β(q2) = 2 ǫ
∗
α(q1) ǫ
∗
β(q2) gη g
2
VΛB
∫
d4k
(2π)4i
Φ˜(−k2) F˜ 2B
(
(k + p/2 − q1)2
)
× Tr
[
γα SΛ(k + p/2) iγ
5 SΛ(k − p/2) γβS B(k + p/2 − q1)
]
=
gηVV
mη(2225)
ǫµναβ q1µ q2ν ǫ
∗
α(q1) ǫ
∗
β(q2) ,
Mαη(2225)→VP ǫ∗α(q1) = ǫ∗α(q1) gη gVΛB gPΛB
∫
d4k
(2π)4i
Φ˜(−k2) F˜ 2B
(
(k + p/2 − q1)2
)
× Tr
[
γα SΛ(k + p/2) iγ
5 SΛ(k − p/2) iγ5S B(k + p/2 − q1)
]
= gηVP q
α
2 ǫ
∗
α(q1) (21)
5for the η(2225)→ VV and η(2225)→ VP decays and
Mµα
φ(2170)→VS ǫµ(p) ǫ
∗
α(q1) = ǫµ(p) ǫ
∗
α(q1) gφ gSΛB gVΛB
∫
d4k
(2π)4i
Φ˜(−k2) F˜ 2B
(
(k + p/2 − q1)2
)
× Tr
[
SΛ(k + p/2) γ
µ SΛ(k − p/2) γαS B(k + p/2 − q1)
]
= mφ(2170)
(
gµαgφVS +
q
µ
1
qα
2
m2
φ(2170)
fφVS
)
ǫµ(p) ǫ
∗
α(q1) , (22)
Mµ
φ(2170)→PP ǫµ(p) = 2 ǫµ(p) gφ gPΛB gPΛB
∫
d4k
(2π)4i
Φ˜(−k2) F˜ 2B
(
(k + p/2 − q1)2
)
× Tr
[
SΛ(k + p/2) γ
µ SΛ(k − p/2) iγ5S B(k + p/2 − q1)iγ5
]
= gφPP (q1 − q2)µ ǫµ(p) (23)
for the φ(2170) → VS and φ(2170) → PP decays, where p and q1, q2 are the momenta of initial and final particles; gηVV and
gφVS , fφVS , gφPP are dimensionless couplings of η(2225) and φ(2170) with final mesons, respectively; ǫ
∗
µ(p), ǫ
∗
α(q1), and ǫ
∗
β
(q2)
are the polarization vectors of the φ(2170) state and produced vector mesons, respectively; S B(k) is the free spin-1/2 baryon
propagator.
Two-body strong decay widths are calculated according to the formulas
Γ(η(2225)→ VV) =
g2
ηVV
64π
mη(2225)
(
1 − 4m
2
V
m2
η(2225)
)3/2
,
Γ(η(2225)→ VP) =
g2
ηVP
8π
|q1|η3
m2
V
,
Γ(φ(2170)→ VS ) =
g2
φVS
24π
|q1|φ
[
3 +
|q1|φ2
m2
V
+
m2
φ(2170)
+ m2
V
− m2
S
m2
φ(2170)
|q1|φ2
m2
V
R +
|q1|φ4
m2
φ(2170)
m2
V
R2
]
, R =
fφVS
gφVS
,
Γ(φ(2170)→ PP) =
g2
φPP
96π
mφ(2170)
(
1 − 4m
2
P
m2
φ(2170)
)3/2
. (24)
Here |q1|η = λ(m2η(2225),m2V ,m2P)/(2mη(2225)) and |q1|φ = λ(m2φ(2170),m2V ,m2S )/(2mφ(2170)) are the 3-momenta of the decay products
in the center of mass frame and λ(x, y, z) = x2 + y2 + z2 − 2xy − 2xz − 2yz is the Ka¨llen kinematical triangle function.
III. RESULTS AND DISCUSSIONS
In Fig. 3 we show the dependence of the couplings gH , H = η(2225), φ(2170) on the cutoff parameter ΛH [see Eq. (8)]. When
ΛH is varied in the region of (0.8-1.2 GeV), the two resulting couplings are not too sensitive to the model parameter ΛH . The
variations of the dimensionless couplings are (3.4→ 3.2) and (5.8→ 5.1), respectively. According to our previous calculations
in the context of XYZ resonances and to the deuteron system, a typical value of ΛH ∼ 1 GeV is often employed. Thus, in this
calculation we get gH = 3.282 and 5.356 for η(2225) and φ(2170), respectively. To make detailed calculations for the decay
processes of Fig. 2, the couplings of the effective Lagrangians in Eqs. (11)-(18) are needed. We take these from Refs. [4, 30] as
listed in Table I.
TABLE I. Effective meson-baryon couplings.
g
K∗ΛN gKΛN gωΛΛ gφΛΛ gK∗
0
(800)ΛN
g
σΛΛ
g
f0(980)ΛΛ
−9.153 −13.926 10.569 5.284 −5.710 6.593 3.296
It should be reiterated that additional phenomenological form factors F˜ in the matrix elements of Eqs. (21) and (22) are
introduced, which contain a free parameter α. This parameter is fixed from data on the total widths of the the η(2225) and
φ(2170) [5]: Γη(2225) = 185
+40
−20 MeV and Γφ(2170) = 83 ± 12 MeV. In particular, an increase of the parameter α leads to an
increase of the partial widths of η(2225) and φ(2170). We compare the sum of the partial modes of the η(2225) and φ(2170),
6 0
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FIG. 3: The couplings of η(2225) (red-solid line) and φ(2170) (green-dashed line) versus the parameter ΛH of the correlation function.
which include the dominant channels η(2225) → K∗K, η(2225) → K∗K∗, and η(2225) → ωω in the case of η(2225) and
φ(2170) → KK in the case of φ(2170), with total widths of these states. Using data on the widths of the η(2225) and φ(2170)
states we found that in the case of η(2225) the parameter α is constrained as 0.91 ≤ α ≤ 1.08, while in the case of φ(2170) the
parameter α is constrained as 0.85 ≤ α ≤ 1.0. In both cases the lower and upper limits for the α correspond to the lower and
upper limits for the sum of the partial decays modes, respectively. Therefore, taking into account the two above constraints for
α we finally conclude that from data on the total widths of η(2225) and φ(2170) the parameter α should be varied in the region
0.91 ≤ α ≤ 1.0.
Table II summarizes the numerical results for the partial decay widths of the two resonances including the variation of param-
eter α from 0.91 to 1.0. We compare our predictions for the sum of partial widths with data for the total widths of η(2225) and
φ(2170). Also we present a comparison of partial widths with available calculations in the 3P0 model using the ss¯ interpretation
[2, 10]. The much larger decay widths of the η(2225) → K∗K, η(2225) → ωω, and η(2225) → K∗K∗ channels compared to
η(2225) → φφ are due to the phase space and particularly to the couplings. A similar feature occurs for the φ(2170) state, for
which the decay φ(2170) → KK dominates over the others because of the phase space and relatively big coupling constant
gKΛN . We see that for η(2225), the ωω channel dominates for the ΛΛ¯ bound state, while it is a OZI-forbidden mode within the
ss¯ interpretation. For φ(2175), the 3P0 model calculations in the literature usually neglect its SV modes and give a rather larger
total decay width, which disfavor the ss¯ interpretation. These differences can help us to distinguish the ΛΛ¯ bound state and ss¯
interpretation.
As an independent check of consistency of our results we would like to compare our result for the decay width Γ(φ(2170)→
φ(1020) + f0(980)) = 0.25 − 0.3 MeV with data Γ(φ(2170)→ φ(1020) + f0(980)) = 0.1 − 1 MeV, which can be extracted using
experimental result for Γ(φ(2170)→ φ(1020) + f0(980)) Γ(φ(2170)→ e+e−)/Γtot = (2.3 ± 0.3 ± 0.3) eV and typical values for
the branching of Br(φ(2170)→ e+e−) = 10−6 − 10−5 deduced using known data for other ω states.
For convenience, in Figs. 4 and 5 we also display the dependence of the partial widths of η(2225) and φ(2170) and their sums
on the parameter α varied in the wide region 0.8 ≤ α ≤ 1.5 and compare the total width with the data. Again, one can see that
data on the total decays of the η(2225) and φ(2170) states give strong constraint on the parameter α: 0.91 ≤ α ≤ 1.
7Table 2. Numerical results for the η(2225) and φ(2170) decay widths (in MeV).
Modes Γ (MeV)
η(2225) decay This work 3P0 model within ss¯ [2] Data [5]
K∗K 71.1 − 87.3 9.1 · · ·
φφ 1.1 − 1.3 12.6 Seen
ωω 53.6 − 63.3 0 · · ·
K∗K∗ 37.1 − 43.7 0.5 · · ·
Total 162.9 − 195.6 22.2 185+40−20
φ(2170) decay This work 3P0 model within ss¯ [10] Data [5]
KK 73.8 − 87.7 · · · · · ·
φ f0(980) 0.25 − 0.3 < 10 Seen
ωσ 4.2 − 4.9 · · · · · ·
K∗K∗
0
(800) 1.8 − 2.1 · · · · · ·
Total 80.1 − 95 83 ± 12
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FIG. 4: η(2225) → VP(VV) decays and their sum in dependence on α and comparison with data for Γη(2225).
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FIG. 5: φ(2170) → VS (PP) decays in dependence on α and comparison with data for Γφ(2170).
8IV. SUMMARY
We have employed the hadronic molecular scenario for the two resonances η(2225) and φ(2170) considering them as weakly
bound ΛΛ¯ states. A phenomenological effective Lagrangian approach is applied for some selected partial decay widths. Our
numerical results show that theΛΛ¯ scenario gives a reasonable description of the partial decay widths of the η(2225) and φ(2170)
states showing that the modes η(2225) → VP and φ(2170) → PP modes are, respectively, dominant. Moreover, together with
the study of the mass spectrum of the two resonances in Ref. [4], we conclude that the ΛΛ¯ baryonium interpretations for the
two resonances might be possible. Using data on the total widths of the η(2225) and φ(2170) states we derive the constraint on
the parameter α in the phenomenological form factor controlling the off-shell behavior of the exchanged baryon between the
produced two final mesons: 0.91 ≤ α ≤ 1. For these values of the α parameter our predictions for the partial decay widths
of η(2225) and φ(2170) are shown in Table II. Here we studied selected decay modes of the η(2225) and φ(2170) states and
included the dominant decay modes η(2225) → VV and φ(2170) → PP. There are, of course, many other channels, such as
η(2225) → NN¯, PV, PS and φ(2170) → NN¯, PV, S S , which contribute a full coupled-channel calculation and will be studied
elsewhere.
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